One sentence summary: Cryoconite bacterial community exhibited significant differences among glaciers on the Tibetan Plateau, interaction between geographic distance and environmental variables driven regional beta-diversity, environmental variables contributed more than geographic distance.
INTRODUCTION
Cryoconite holes form when localized dark aggregates of mineral and organic materials produce melt pockets in glacial surfaces (McIntyre 1984; Takeuchi, Kohshima and Seko 2001) . Owing to seasonal melting within the holes, they serve as habitats for diverse microbial communities including viruses, bacteria, archaea and microeukaryotes that can be highly productive (Anesio et al. 2007; Foreman et al. 2007; Cameron, Hodson and Osborn 2012; Edwards et al. 2013a,b,c; Zarsky et al. 2013) . Cryoconite microbial communities influence glacial mass balance by decreasing the albedo of the ice surface (Fountain, Tranter and Nylen 2004; Klok and Oerlemans 2004) and are important to glacial carbon cycling (Anesio, Hodson and Fritz 2009) .
Cryoconite bacterial communities are dominated by Proteobacteria, Cyanobacteria, Bacteroidetes and Actinobacteria, and their activities are also thought to dominate cryoconite carbon cycling (Margesin, Zacke and Schinner 2002; Porazinska et al. 2004; Stibal, Sabacka and Kastovska 2006; Lee et al. 2011; Edwards et al. 2013b,c; Zarsky et al. 2013; Cameron et al. 2016; Ambrosini et al. 2017) , along with possible contributions from chemolithoautotrophic and aerobic anoxygenic phototrophic organisms (Franzetti et al. 2016) . In spite of similarities in terms of dominant taxa and functions, cryoconite bacterial communities have been found to be distinct among Antarctic, Arctic and alpine cryoconite (Porazinska et al. 2004; Cameron, Hodson and Osborn 2012; Edwards et al. 2014) , while also exhibiting geographic variation at different spatial scales.
At the local scale, aeolian transport, nutrient concentrations, supraglacial hydrology, pH and pCO 2 were found to significantly influence variations in cryoconite bacterial communities (Stibal, Sabacka and Kastovska 2006; Edwards et al. 2011 Edwards et al. , 2013c Zarsky et al. 2013; Stibal et al. 2015) . Variation among cryoconite can be attributed both to the seeding of cryoconite-associated bacteria from neighboring or distant environments (Christner, Kvitko and Reeve 2003; Foreman et al. 2007) and to environmental variables. The effect of environmental variables and geographic location on the distributions of cryoconite bacterial communities is shown by location-based clustering of cryoconite bacterial communities, which may result from similar sources for seed populations and/or environmental selection pressures (Edwards et al. 2014) . Pronounced differences detected between Arctic and Antarctic cryoconite communities were environmentally mediated-a consequence of bipolar variation in mean total carbon content of cryoconite (Cameron, Hodson and Osborn 2012) . Alpine and Arctic cryoconites are also subject to different environmental pressures (e.g. differences in day length, solar radiation and altitude) and harbor distinct cryoconite communities (Mueller et al. 2001; Edwards et al. 2014) .
Few studies have examined the cryoconite bacteria on alpine glaciers, compared to studies of polar glaciers, despite the importance of cryoconite in alpine glacier mass balance (Takeuchi, Kohshima and Seko 2001; Ambrosini et al. 2017) and carbon cycling (Anesio et al. 2010) . In particular, we are aware of no studies to date that have investigated the cryoconite bacterial communities on glaciers on the Tibetan Plateau. The Tibetan Plateau contains the largest area of glacial ice outside of the polar regions (Yao et al. 2012) . With average altitude >4000 m, alpine glaciers on the Tibetan Plateau reside at >1000 m higher altitude than European alpine glaciers (Yao et al. 2012) . The increase in altitude relative to other alpine glaciers exposes Tibetan Plateau glaciers to lower temperatures, lower allochthonous inputs of organic matter and strong solar radiation. The diversity and distribution of cryoconite microbial communities and the influence of the unique environment of these high-altitude glaciers of the Tibetan Plateau remain unexplored.
We studied the biogeography and diversity of cryoconite bacterial communities from three climatically distinct Tibetan Plateau glaciers using Illumina sequencing of the V4 region of the 16S rRNA gene. We (i) investigated the cryoconite bacterial diversity and composition in each of the three Tibetan Plateau glaciers, (ii) used these data to describe the spatial variability of cryoconite bacterial communities on a regional scale and (iii) identified the factors that drive regional biogeographic variation. We hypothesized that geographic distance and glacier environmental variables would drive the distribution of cryoconite bacterial communities at our sampling scale (coving a range of ∼1000 km), which we consider a regional scale within the Tibetan Plateau. We suggest that, due to differences in elevation and related environmental factors, these patterns may differ from non-Tibetan Plateau alpine and polar glaciers.
MATERIALS AND METHODS

Site description and sampling
Cryoconite samples were collected from three different glaciers on the Tibetan Plateau (Fig. 1) . We chose glaciers located in different regions of the Tibetan Plateau to test the influence of both distance and different environmental factors on cryoconite microbial communities. The Laohugou Glacier No.12 (LHG, 39 • 20 N, (Du et al. 2013) . The LHG and TGL glaciers are surrounded by meadows while the YL glacier is surrounded by forests and shrub land. A total of 29 cryoconite samples were collected from the glaciers selected for our study (Fig. 1) . Fourteen cryoconite samples were collected from the LHG glacier along an altitude gradient from 4386 m to 4850 m between 29 and 30 July 2014. Three cryoconite samples (T1, T3 and T5) were collected from the TGL glacier at 5464, 5466 and 5604 m on 18 August 2014, with three additional samples (T2, T4 and T6) collected on 19 August 2014. T1 and T2, T3 and T4 were at the same sites, respectively. Nine cryoconite samples were collected on the YL glacier from 4600 to 4800 m between 17 and 19 August 2014 (Fig. 1) . All samples were collected into sterile 250 ml Nalgene bottles using sterile spoons and transported in a dark container to the monitoring stations near each glacier within 4 h. All samples were frozen at -20
• C at the monitoring stations. Samples from TGL and LHG glaciers were transported by car to the laboratory in an insulated container with ice within 30 h, and samples from YL glacier were transported frozen to laboratory by plane. Once in the laboratory the samples were kept frozen at -20
• C until analysis in laboratory. All sample bottles were thawed at 4 o C before analysis, and subsamples for DNA extraction were removed using sterile spoons in a laminar flow hood. Spoons were changed between every sample to avoid contamination among samples.
Geochemical measurements
Total organic carbon (TOC) was determined using a TOC-L (Shimadzu Corp., Japan) on lyophilized samples. Total nitrogen (TN) and sulfur (S) were measured using a Vario MAX elemental analyzer (Elementar Corp., Germany). Elemental concentrations are reported as % dry weight (100 • C for 24 h) of cryoconite material.
pH, conductivity (μS cm −1 ) and Eh (mV) were measured using selected calibrated electrodes connected to a PB-10 meter (Sartorius Corp., Germany).
DNA extraction, amplification and Illumina MiSeq sequencing
Community DNA was extracted with the Fast DNA R SPIN Kit for Soil (MP Biomedicals, Santa, CA), following the manufacturer's instructions. The V4 region of the 16S rRNA genes was amplified in triplicate with the primer pair 515F (5 -GTGCCAGCMGCCGCGGTAA-3 ) and 806R (5 -GGACTACHVGGGTWTCTAAT-3 ) combined with Illumina adapter sequences, a pad and a linker of two bases, as well as barcodes on the reverse primers (Caporaso et al. 2012) . Positive PCR products were confirmed by agarose gel electrophoresis. PCR products from triplicate reactions were combined and quantified with PicoGreen. PCR products from samples to be sequenced in the same MiSeq run were pooled at equal molality. The pooled mixture was purified with a QIAquick Gel Extraction Kit (QIAGEN Sciences, Germantown, MD, USA) and re-quantified with PicoGreen. Sample libraries were generated from purified PCR products. The MiSeq 500 cycles kit was used for 2 × 250 bp paired-end sequencing on MiSeq machine (Illumina, San Diego, CA). The 16S rRNA sequences were submitted to NCBI SRA database (BioProject accession number: PRJNA323634).
Processing of Illumina sequencing data
We processed the sequences using the QIIME pipeline (v1.8) (Caporaso et al. 2010b ). The reads were truncated at any site of more than three sequential bases receiving a Phred quality score (Q) <20 and any read containing ambiguous base calls was discarded. In addition, truncated reads of <232 bp were deleted. The overlapping paired-end sequences from Miseq were assembled with FLASH (Magoč and Salzberg 2011) and poorly overlapping and poor-quality sequences were filtered out before de-multiplexing based on barcodes. Then, the sequences were Relative abundances of the dominant bacterial phyla/classes (relative abundance > 5% in at least one sample) across three glaciers. Different letters indicate significant differences between glaciers (P < 0.05). Means compared using one-way ANOVA.
clustered into OTUs at 97% pairwise identity with the seedbased uclust algorithm (Edgar 2010) . Representative sequences from each OTU were aligned using PyNAST (Caporaso et al. 2010a) . Taxonomic identity of each representative sequence was determined using the Greengenes database (DeSantis et al. 2006) , and chloroplast or archaeal sequences were separated out. To avoid sample size-based artifacts, we used a randomly selected subset of 26 800 sequences (corresponding to the smallest sequencing effort for any of the samples) per sample for further analysis.
Statistical analysis
One-way analysis of variance (ANOVA) was used to examine the differences in bacterial communities and Shannon diversity among glaciers. Analysis of similarity (ANOSIM) was performed to evaluate the overall differences in bacterial community structure based on Bray-Curtis dissimilarity metrics (Clarke 1993) . SIMPER (similarity percentage) analysis, implemented in the PAST software, was used to identify the taxa primarily responsible for the dissimilarity among the three glaciers using a contribution cutoff of >1% (Hammer, Harper and Ryan 2001) . Unweighted UniFrac NMDS was applied to visualize the overall differences of bacterial community structure among samples. The distance-decay relationship was analyzed using a least-squares linear model, and the significance was determined using Mantel tests (Pearson's correlation) on 999 permutations based on unweighted UniFrac distance.
Spatial variables were derived from geographic coordinates using trend surface analysis and principal coordinates of neighbor matrices (PCNM; Griffith and Peres-Neto 2006) to capture broad (trend surface analysis) and fine (PCNM) spatial scales. Data were detrended before PCNM analysis by regressing all variables and retaining the residuals. Forward selection was used to select the variables best suited to explain the microbial community structure. Subsets of environmental, trend and PCNM variables were tested by sequentially adding them until the designated alpha level was reached (P < 0.05). A constrained analysis of principal coordinates was used to analyze the relationship between Hellinger-transformed bacterial community composition and environmental (TOC, TN, total sulfur, pH, Eh, conductivity) and spatial variables, based on weighted UniFrac distance.
Variation partitioning was performed on non-detrended data using redundancy analysis ordination to determine the proportion of variation in BCC explained by environmental or spatial factors alone, and the shared variation explained by both environmental and spatial factors (Borcard and Legendre 2002) . All statistical analyses were conducted in the R environment (http://www.r-project.org) unless otherwise indicated.
RESULTS
Chemical characteristics of the cryoconite samples
TOC, TN and sulfur (S) content (% dry weight cryoconite) were significantly different among the three glaciers (ANOVA, P < 0.001). TOC, TN and S were the lowest in LHG glacier (mean 1.6 ± 0.5% dry weight, 0.2 ± 0.05% dry weight and 0.02 ± 0.01% dry weight, respectively) and the highest in YL glacier (mean 9.7 ± 1.0% dw, 0.6 ± 0.07% dw and 0.07 ± 0.02% dw, respectively). The C/N mass ratios were also significantly different (ANOVA, P < 0.001) with mean values of 12.3 ± 1.7, 8.4 ± 0.3 and 16.0 ± 1.4 in LHG, TGL and YL glacier, respectively. pH, conductivity and Eh were not significantly different between glaciers. In LHG, TGL and YL glaciers, mean pH were 6.5 ± 0.3, 6.3 ± 0.3 and 6.3 ± 0.2; mean conductivity were 216 ± 86,179 ± 57 and 175 ± 55μS cm −1 ; mean Eh were 28 ± 16, 39 ± 16 and 43 ± 14 mV, respectively (Table S1 , Supporting Information). TOC, TN, S and pH were significantly correlated with geographic locations (latitude and longitude, Pearson correlation, P < 0.05).
Distribution of taxa and phylotypes
A total of 1296 152 high-quality sequences were obtained, with 26 807 to 66 619 sequences (mean = 44 694 ± 9695; n = 29) in each sample. The dominant prokaryotic phyla (relative abundance >5% in at least one sample) were Cyanobacteria, Chloroflexi, Betaproteobacteria, Bacteroidetes, Actinobacteria, Firmicutes, Planctomycetes, Alphaproteobacteria, Deltaproteobacteria and DeinococcusThermus (Fig. 2, Fig. S1 , Supporting Information). In total, these dominant phyla accounted for over 92% of the sequences.
Cyanobacteria and Chloroflexi were the two most abundant phyla in both the LHG and TGL glaciers, while Betaproteobacteria and Actinobacteria were the two most abundant phyla in the YL glacier (Fig. 2) . The relative abundances of the Cyanobacteria, Actinobacteria, Alphaproteobacteria and Betaproteobacteria were similar between LHG and TGL glaciers, but significantly different in YL glacier (P < 0.05; Fig. 2) . The relative abundances of the DeinococcusThermus were significantly different among all three glaciers (P < 0.0 5; Fig. 2) . The above five phyla/classes together accounted for 59%, 62% and 54% of total bacteria in LHG, TGL and YL glaciers, respectively.
Order Oscillatoriales and Pseudanabaenales in phylum Cyanobacteria were important components in the LHG (with mean relative abundance 20% and 15%, respectively) and TGL glaciers (19% and 19%) . Order Burkholderiales in phylum Proteobacteria (22%) and Actinomycetales in phylum Actinobacteria (15%) were the dominant taxa in the YL glacier. The most abundant OTU in Cyanobacteria belonged to the genera Phormidium, and the second abundant OTU belonged to the genera Leptolyngbya (Table S3 , Supporting Information). Among the top 15 OTUs of representative Cyanobacteria, 7 OTUs were most closely related to sequences recovered from the Antarctic, 5 were from stream and lake samples , and the other 2 were from soil including one from the Tibetan Plateau (Table S3) .
The relative abundances of the Chloroflexi were similar among the three glaciers, and accounted for 13%, 16% and 12% of LHG, TGL and YL glaciers, respectively. In LHG glacier, 39% of Chloroflexi belonged to the genus Chloronema in class Chloroflexi, and 35% were unclassified members of the class Anaerolineae. In TGL, 17% of Chloroflexi belonged to the genus Chloronema in class Chloroflexi and 65% were unclassified in class Anaerolineae. In YL glacier, 55% of Chloroflexi were unclassified in class Chloroflexi and 16% were unclassified in class Anaerolineae.
The relative abundances of the Cyanobacteria, Actinobacteria, Alphaproteobacteria and Betaproteobacteria were significantly correlated with the latitude, longitude, TOC, TN and S concentrations (Pearson's correlation, P < 0.001, Table S2 , Supporting Information), while the relative abundance of the Deinococcus-Thermus group was significantly correlated with the latitude and S concentration (Pearson's correlation, P < 0.05, Table S2 ). The relative abundances of the Chloroflexi, Bacterioidetes, Firmicutes, Planctomycetes and Deltaproteobacteria did not show significant differences among the three glaciers, and did not show significant correlation with environmental factors.
Alpha diversity (Shannon index) of all cryoconite samples varied from 3.3 to 7.3. Alpha diversity was significantly related to the latitude and longitude (Pearson's correlation, r = -0.70 and 0.41, P < 0.001 and 0.05, respectively), concentrations of TOC (r = 0.63, P < 0.001), TN ( r = 0.65, P < 0.001) and S ( r = 0.55, P < 0.01), and conductivity ( r = -0.46, P < 0.05; Table 1 ). The mean alpha diversity of LHG, TGL and YL glaciers were significantly different from one another (ANOVA, P < 0.001) with the average values 5.2 ± 0.9, 5.8 ± 0.5 and 6.8 ± 0.4, respectively. Alpha diversity was also related to elevation on the LHG and YL glaciers, but not on the TGL glacier. The diversity significantly increased with altitude on the LHG glacier (r = 0.76, P < 0.01), while it decreased on the YL glacier (r = -0.88, P < 0.01). However, diversity did not vary significantly between LHG and TGL (ANOVA, P = 0.259, Fig. 3b ). Values in boldface indicate significant differences (P < 0.05) between bacterial communities in pairs of sampling sites.
Variation of bacterial community composition
The NMDS ordination analysis, based on the unweighted Unifrac distance across samples, clearly revealed differences in the cryoconite bacterial communities among the three glaciers, with samples grouping within glacier (Fig. 3) . The patterns were further corroborated by an ANOSIM, which demonstrated that the glacier was an important determinant of community composition (global r = 0.697, P = 0.001). Similar to the Shannon diversities, the community compositions were not significantly different between LHG and TGL glaciers, but were significantly different between YL glacier and the other two (Table 2 ). 
Spatial distance decay of similarity for the bacterial community
A distance decay of similarity model was employed to determine whether spatial distance was important in describing the shifts in the cryoconite bacterial community. A plot of community similarity versus geographic distance for each pairwise set of samples showed a significant, negative distance-decay curve (slope = -0.038, P < 0.0001) (Fig. 4) . Furthermore, the slope of the curve varied across different spatial scales. The distance-decay slope within glacier (0.046) was significantly shallower than the slope among glaciers (0.391), indicating higher similarity within glacier than among glaciers. Mantel tests further supported the geographic distance effect on the bacterial β-diversity (r = 0.855, P < 0.001).
Linking bacterial community composition to cryoconite environmental variables and geographic distance
A forward selection procedure was used to select the best spatial and environmental variables to explain the bacterial community structure. Three environmental variables (TOC; P = 0.001, altitude; P = 0.001, and conductivity; P = 0.007) and geographic distance (P < 0.001) were identified by forward selection and used for subsequent variance partitioning analysis to assess the effects of geographic distance and cryoconite environmental variables on the variations in bacterial communities. The results were illustrated using a modified variation partitioning diagram (Fig. 5) . The complete set of geographic distance and cryoconite environmental variables (TOC, altitude and conductivity) explained 62% of the variation in the bacterial communities. The geographic distance alone explained 8.8% (1.5% + 1.7%+ 5.6%) of the variations, and the cryoconite environmental variables (TOC, altitude and conductivity) explained 9.5%. The interactions between environmental variables and geographic distance explained 44% of the variation (38% + 5.3%; Fig. 5 ), indicating that the geographic distance and environmental variables were strongly dependent on each other. Both cryoconite environmental variables and geographic distance were important factors shaping bacterial community composition. OTUs primarily responsible for the differences in cryoconite among glaciers SIMPER analysis identified 15 OTUs primarily responsible for the differences in cryoconite bacterial communities observed among the three glaciers. These OTUs contributed 47% to the overall differences, and were dominated by groups from the Cyanobacteria, Chloroflexi, Betaproteobacteria, Actinobacteria and
Firmicutes. Six OTUs of Cyanobacteria contributed the most to the overall difference (28%) between cryoconite communities at different glaciers, followed by four OTUs of Chloroflexi, which contributed 8.6% (Fig. S2, Supporting Information) . Four of the Cyanobacteria OTUs (Denovo5273, 2094, 6498 and 1578) were significantly correlated with the geographic parameters (latitude, longitude, altitude) and nutrient concentrations (TOC, TN and S). One cyanobacterial OTU (Denovo2920) was significantly correlated with the geographic parameters, and the remaining OTU (Denovo387) did not show any significant relationship with any factor (Table S4 , Supporting Information). Three OTUs (Denovo7650, 750 and 5880) of Chloroflexi were significantly correlated with both geographic parameters and nutrients, while the fourth one (Denovo 10 667) was only correlated with longitude and altitude.
DISCUSSION
High relative abundance of Chloroflexi in cryoconite bacterial communities on the Tibetan Plateau
This study is the first to reveal the bacterial community structure, diversity, OTU composition and potential microbial functions in Tibetan Plateau cryoconites. The bacterial community structures varied among cryoconites from the three glaciers, but dominant phylotypes were shared. Cyanobacteria, Betaproteobacteria, Bacteroidetes and Actinobacteria were among the most abundant phyla, similar to results reported for other glaciers (Zarsky et al. 2013; Edwards et al. 2014) . Chloroflexi was abundant in Tibetan Plateau cryoconite communities (mean abundance >10% for all three glaciers). Chloroflexi, filamentous green nonsulfur bacteria that are typically photoheterotrophic, have been previously detected in alpine, Arctic and Antarctic cryoconite, together with cyanobacteria and eukaryotic photoautotrophs (Edwards et al. 2011; Cameron, Hodson and Osborn 2012) . High relative abundances of Chloroflexi (16%-29% of the bulk community) were found in Greenland cryoconites (Stibal et al. 2015) , but most reports have shown lower abundances, accounting for 1%-5.5% of the bacterial communities (Gokul et al. 2016) . The Chloroflexi in Greenland cryoconites were not part of the active community, indicated by RNA abundance (Stibal et al. 2015) . However, other studies indicated that Chloroflexi likely may be a photosynthetic source of organic carbon to these environments (Edwards et al. 2011; Cameron, Hodson and Osborn 2012) . High relative abundance of Chloroflexi in cryoconite bacterial communities on the Tibetan Plateau implies that they may have greater importance in photosynthetic carbon production in this region, although we were unable to test their activity. The most abundant genera, Chloronema, is capable of anoxygenic photosynthesis and requires low light intensity and low temperature (4 • C -
15
• C) (Boone et al. 2001) . Furthermore, the Chloroflexi accounted for the second highest % of the variation between the communities sampled (8.6%, after Cyanobacteria at 28%). This result implies that the Chloroflexi, in combination with Cyanobacteria, play an important role in structuring the cryoconite communities on the Tibetan Plateau.
Spatial distribution of cryoconite bacterial communities on the Tibetan Plateau
Our study aimed to determine how geographic distance and environmental variables controlled the biogeography of cryoconite bacterial communities regionally, on the Tibetan Plateau. Cryoconite bacterial community compositions were found to vary according to their geographic locations on the Tibetan Plateau, exhibiting significant differences among glaciers (Fig. 4) . Similar localized sources of organisms and/or environmental selection pressures have been found to drive geographical variations in cryoconite bacterial communities across a global scale (Cameron, Hodson and Osborn 2012; Edwards et al. 2014) .
To examine the potential importance of dispersal limitation in shaping cryoconite microbial communities, we determined distance-decay relationships within and among the three glaciers (Nekola and White 1999) . The distance-decay plot showed a close correlation between community similarity and geographic distances (P < 0.001, Fig. 4) . Geographic distance was a significant factor influencing the similarity of bacterial communities even after controlling for environmental variables (P < 0.001, partial Mantel test), implying that dispersal limitation was important in controlling community composition. Local distance variation ranged from 0.1 to 3.1 km, whereas regional data was on the scale of 1000 km. In contrast, the distance-decay effect had a negligible influence on the composition of the cryoconite bacterial communities from neighboring valley glaciers in Svalbard (Edwards et al. 2011) , while a weak relationship between geographic distance and overall community dissimilarity and moderate distance-decay effects were found for populations in a high Arctic ice cap (Gokul et al. 2016) . In addition, results from other studies showed that the relationship between dispersal limitation and bacterial beta diversity was dependent on the spatial scale (Martiny et al. 2011) . Bacterial communities in surface ice across the Greenland ice sheet were markedly variable over a 10 km scale, but less dissimilar on 100 km scale (Cameron et al. 2016) . Our results indicated that dispersal limitation had influence among glaciers on 1000 km regional scale (Fig. 4) . Based on our data, we contend that dispersal limitation plays an important role in the regional variation of Tibetan Plateau cryoconite bacterial communities.
We also found that the effect of abiotic environmental variables contributed to the bacterial community variation (9. 5% of variation explained) and may be more important than geographic distance (8.8% of variation explained). The influence of abiotic variability on the global and local variations in cryoconite communities has been reported in several studies (Christner, Kvitko and Reeve 2003; Mueller and Pollard 2004; Edwards et al. 2011; Cameron, Hodson and Osborn 2012; Grzesiak et al. 2015; Stibal et al. 2015) , with TOC often being the most important factor shaping the variation of cryoconite bacterial communities at local to regional scales (Christner, Kvitko and Reeve 2003; Edwards et al. 2011; Cameron, Hodson and Osborn 2012) . Six environmental variables (nitrite, nitrate and dissolved reactive phosphorus concentration, electrical conductivity, elevation and depth) together explained 55% of the local scale variation in cryoconite communities on the Canada Glacier (Antarctic) (Mueller and Pollard 2004) . Our results confirmed the importance of environmental variables in explaining the regional variations (between glacier differences) in cryoconite bacterial communities. The three glaciers we studied were surrounded by different terrestrial ecosystems and were characterized by different physicochemical conditions. No significant difference existed between LHG and TGL glacier cryoconite communities. These glaciers are located in similar ecosystems and had similar nutrient contents, further supporting the importance of environmental influence. Based on these results, the variation in Tibetan Plateau cryoconite bacterial communities can be attributed in part to environmental variables.
In addition, our results indicated that environmental variables and dispersal limitation worked together to drive the regional distribution of cryoconite bacterial communities. Fortyfour per cent of bacterial community variation was explained by the interactions between environmental variables and geographic distance. The unexplained variation may be due to additional factors not measured in this study, such as temperature and supraglacial hydrology (Edwards et al. 2011) , which can influence bacterial communities. Besides community composition, community diversity and the OTUs primarily responsible for the differences in cryoconites among glaciers were significantly related with the geographic location and environmental variables. This significant relationship further supports the importance of the combined effect of environmental variables and geographic distance on the bacterial communities.
Aeolian transport, which has a role in dispersal limitation, has been proposed to account for similarities in cryoconite communities over short distances (Porazinska et al. 2004; Cameron, Hodson and Osborn 2012) . Glacier abiotic variability has been reported to lead to variation in bacterial community structure (Edwards et al. 2011; Zarsky et al. 2013; Stibal et al. 2015) . Our results confirmed that both dispersal limitation and environmental variables were key to the regional distribution of cryoconite bacterial communities on three alpine glaciers. Moreover, our data show that environmental variables contributed more to the variation on the Tibetan Plateau.
In conclusion, we found that cryoconite bacterial communities on the Tibetan Plateau were dominated by Cyanobacteria, Chloroflexi, Betaproteobacteria, Bacteroidetes and Actinobacteria, similar to results reported for other alpine and polar glaciers. Cryoconite bacterial community composition exhibited significant differences among the three glaciers studied, with Cyanobacteria and Chloroflexi contributing the most to the differences. Geographic distance and environmental variables (TOC, altitude and conductivity) drove the observed regional variation in cryoconite microbial communities, the latter of which contributed relatively more. Our study provides new information on cryoconite composition in high-altitude temperate glaciers.
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